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ABSTRACT
We demonstrate the utility of CI as a tracer of photoevaporative winds that are being
driven from discs by their ambient UV environment. Commonly observed CO lines only
trace these winds in relatively weak UV environments and are otherwise dissociated
in the wind at the intermediate to high UV fields that most young stars experience.
However, CI traces unsubtle kinematic signatures of a wind in intermediate UV en-
vironments (∼ 1000G0) and can be used to place constraints on the kinematics and
temperature of the wind. In CI position-velocity diagrams external photoevaporation
results in velocities that are faster than those from Keplerian rotation alone, as well as
emission from quadrants of position-velocity space in which there would be no Keple-
rian emission. This is independent of viewing angle because the wind has components
that are perpendicular to the azimuthal rotation of the disc. At intermediate view-
ing angles (∼ 30 − 60◦) moment 1 maps also exhibit a twisted morphology over large
scales (unlike other processes that result in twists, which are typically towards the
inner disc). CI is readily observable with ALMA, which means that it is now possible
to identify and characterise the effect of external photoevaporation on planet-forming
discs in intermediate UV environments.
Key words: accretion, accretion discs – circumstellar matter – protoplanetary discs
– hydrodynamics – planets and satellites: formation – photodissociation region (PDR)
1 INTRODUCTION
With the advent of ALMA, our view of planet-forming
discs has been revolutionised in recent years. The picture
of discs we had from early observations as smooth “continu-
ous” structures (e.g. as they appear in optical observations
of discs in Orion, McCaughrean & O’dell 1996) is changed.
We now know from (sub)millimetre continuum images that,
at least in dust grains of order a millimetre in size, sub-
structures such as rings and spirals are common (ALMA
Partnership et al. 2015; Andrews et al. 2018) and can be
induced early in the disc lifetime at < 1Myr (ALMA Part-
nership et al. 2015). These observations have rightly fed back
into and now dominate substantial parts of our theoretical
efforts as a community to understand planet formation (e.g.
Dipierro et al. 2015; Birnstiel et al. 2018; Dullemond et al.
2018; Zhang et al. 2018). However, there is a caveat. These
recent resolved observations have only been of discs at dis-
tances within ∼ 170pc of the Sun, and as such are all in low
mass stellar clusters where the lack of massive stars means
? E-mail: t.haworth@qmul.ac.uk
that the UV environment is weak. Most star/discs will be in
higher UV radiation environments (Fatuzzo & Adams 2008;
Winter et al. 2020) for which we have statistical observa-
tional evidence that the disc mass (Mann et al. 2014; Ansdell
et al. 2017), size (Eisner et al. 2018) and lifetime (Guarcello
et al. 2016) can all be much smaller. A smaller disc radius can
also redistribute angular momentum on shorter timescales,
leading to an enhanced accretion rate (Rosotti et al. 2017).
Although the nearby systems where we are resolving sub-
structure are certainly excellent laboratories for exploring
and understanding disc processes, we may be trying to un-
derstand planet formation and the link to planet populations
using a subset of discs in uncommon environments.
Theoretically there is currently a consensus that the en-
vironmental radiation field will influence the disc evolution
(e.g. Richling & Yorke 2000; Adams et al. 2004; Holden et al.
2011; Anderson et al. 2013; Facchini et al. 2016; Winter et al.
2018, 2020; Haworth et al. 2017, 2018a,b; Haworth & Clarke
2019; Concha-Ramı´rez et al. 2019), which is supported by
the aforementioned observed statistical trends in disc prop-
erties as a function of UV field strength. These modelling
efforts have shown that external photoevaporation usually
© 2020 The Authors
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dominates over the environmental impact of gravitational
encounters (Scally & Clarke 2001; Winter et al. 2018) and
influences the disc evolution (and potentially planet forma-
tion) by
(i) Limiting the mass reservoir in the disc, which con-
strains the required planet formation efficiency (e.g. Ha-
worth et al. 2018a; Concha-Ramı´rez et al. 2019; Winter et al.
2020). Note that this is important for planet formation at
any radius in the disc, since the mass of close-in planets re-
quires the migration of material from elsewhere in the disc.
We cannot therefore ignore external photoevaporation on
the premise that it affects the outer disc and most plan-
ets are being detected at smaller radii. Ultimately this also
constrains the disc lifetime and hence timescale for planet
formation (e.g. Concha-Ramı´rez et al. 2019; Winter et al.
2020)
(ii) Truncating the disc, which not only limits the loca-
tions for possible planet formation, but also lowers the vis-
cous timescale, hence increasing the mass accretion rate and
lowering the disc lifetime (e.g. Clarke 2007; Haworth et al.
2017; Rosotti et al. 2017).
(iii) Heating the disc, which can suppress cold Jupiter
populations (Ndugu et al. 2018)
So the expectation from theory summarised above is quali-
tatively consistent with the observed statistical evidence for
UV environment affecting disc properties.
This combined observational evidence and theoretical
expectation of the key role played by radiation environment
exemplifies its importance, however external photoevapora-
tion has proven difficult to understand and fully gauge the
impact of in reality. One key obstacle to understanding the
role of external photoevaporation is that it is only easily
detected for individual systems in very high UV environ-
ments in the vicinity of O stars (such as the “proplyds”,
e.g. McCaughrean & O’dell 1996; O’Dell 2001). In such
cases large cometary plumes of material are detectable in
the optical, silhouetted against the ionised material of the
star forming region. In the range of UV field strengths that
young stars are exposed to (see Fatuzzo & Adams 2008;
Winter et al. 2020, for probability distributions of environ-
mental UV fields that young stars are exposed to) these
proplyds are rare, being irradiated by about 105 G01. It
is only in recent years that direct (i.e. not statistical) ev-
idence for external photoevaporation has started to arise in
weaker/intermediate UV fields that most young stars are ex-
posed to. For example Kim et al. (2016) observed cometary
features in Hα for discs in ≈ 3000G0 conditions in Orion.
Haworth et al. (2017) also found the first evidence of a disc
being externally photoevaporated in a very low UV environ-
ment (≈ 4G0) which is possible because the disc (IM Lup)
is so large (there is emission out to 1000 AU) and the outer
regions are only weakly gravitationally bound to the star.
Our direct evidence for external photoevaporation is
only for a handful of systems. We require many more obser-
vations that probe the external photoevaporation of planet-
forming discs in action to confirm its importance for disc
evolution and planet formation. To achieve this, we have to
1 G0 is the Habing unit, which is 1.6× 10−3 erg cm−2 s−1 over the
wavelength range (912A˚< λ < 2400A˚) Habing (1968)
identify suitable observational tracers. Typically, discs are
observed in the continuum and the most common line ob-
servations are in CO. 1D models of FUV-irradiated proto-
planetary discs predicted that CO would actually trace a
substantial part of the evaporative wind and so would be
a reasonable tracer of external photoevaporation (Haworth
et al. 2016). However, in the multidimensional models of this
process Haworth & Clarke (2019) showed that CO is actually
dissociated towards the base of the wind where deviations
from a Keplerian disc are subtle, making it a poor tracer
of the wind (except perhaps in very weak UV environments
such as IM Lup Haworth et al. 2017; Pinte et al. 2018a).
Thus, CI was suggested to be a significantly better tracer of
the faster wind, and hence a much better tracer with which
to identify and characterise such winds.
This paper is dedicated to using 3D models (like those of
Haworth & Clarke 2019) to predict and understand the ob-
servational signatures of externally photoevaporating discs
in CI, to inform and enable real observing programs that, for
example, might target systems in the intermediate strength
UV fields at larger separations from OB stars in Orion than
the clearly evaporating proplyds.
2 CALCULATING SYNTHETIC ALMA
OBSERVATIONS
We predict the observables based on 3D axisymmetric mod-
els of externally irradiated protoplanetary discs as detailed
in Haworth & Clarke (2019). These use the torus-3dpdr
code (Harries et al. 2019; Bisbas et al. 2015) to solve for
the dynamical flow structure, with thermal chemistry set
by solving a photodissociation region (PDR) chemical net-
work including 3D line cooling (Bisbas et al. 2012) using a
healpix scheme (Go´rski et al. 2005).
In these dynamical models we irradiate a fixed disc that
is not itself allowed to evolve. This imposed zone out to some
fixed outer radius and up to some assumed vertical scale es-
sentially acts as a boundary condition. We then iteratively
update the temperature (with the 3D PDR calculation) and
the dynamical evolution until a steady state wind solution is
achieved (see Haworth & Clarke 2019, where we confirm our
models are in a steady state). These calculations yield not
just the density, temperature and velocity structure of the
externally driven disc-wind, but also yield the PDR chemical
composition and excitation states. In this paper we present
synthetic observations from model A and B from Haworth &
Clarke (2019). Both of these are in a 1000 G0 environment.
Model A is a 10Mjup, 100AU disc and model B a 20Mjup,
200AU disc. The disc size can evolve quickly when exter-
nal photoevaporation operates (Haworth et al. 2017, 2018a;
Winter et al. 2018; Concha-Ramı´rez et al. 2019; Winter et al.
2020), and certainly would for these models which have mass
loss rates ∼ 10−6 M yr−1, but the flow morphology and ob-
servable characteristics are similar regardless, so long as the
disc is still large enough to drive an externally driven photo-
evaporative wind (Haworth & Clarke 2019). An illustrative
example of the density, temperature and velocity for model
A is given in Figure 1.
These models self-consistently compute everything re-
quired to produce synthetic line observations from them. In
practice we produce synthetic observations using the well
MNRAS 000, 1–12 (2020)
Observing external disc photoevaporation 3
Figure 1. An example of an underlying disc photoevaporation model from which we produce our synthetic observations (this is model A
from Haworth & Clarke (2019). The left hand panel is the logarithmic density distribution (cgs, colourbar) and velocity (vectors, km/s).
The right hand panel is the temperature distribution (K), with dotted contours and labels denoting where CO, CI and CII dominate in
abundance over one another. The large dashed line marks the H-H2 transition.
Sonic surface
0.8, 0.9 Contours
Figure 2. A map of the volume-weighted CI 3P1-3P0 emission
for model A (Haworth & Clarke 2019), normalized to the cell
of peak emission on the grid. Included are velocity vectors and
the white dashed line denotes the sonic surface. The grey dotted
lines are contours of 0.8 and 0.9 of the peak emission. The CI
emission is predominantly supersonic (a peak of ∼ 2.3 km s−1 for
cs ≈ 1.1km s−1) and has an outwards radial component from the
very outer edge and a second angled component from the disc
surface.
established ray-tracing framework within the torus code
(Rundle et al. 2010; Harries et al. 2019), with abundances
and level populations fed in from the dynamical-PDR model.
The only quantities that we have to make further assump-
tions for (i.e. that are not directly computed in the PDR-
dynamical model) are the microturbulent velocity (assumed
to be 0.1 km s−1) and properties of the grain distribution re-
sponsible for the continuum emission (minimum/maximum
grain sizes of 0.1 µm/1 mm and power law of distribution
q = 3.3). Note that in reality only small grains are entrained
in the wind (Facchini et al. 2016, and this is accounted for
in our PDR models) but we include larger grains in our syn-
thetic observations (which would be present in the disc).
Ultimately we find that the continuum contribution (which
is subtracted, see below) does not qualitatively change our
results, regardless of whether we include large grains. We
still include the continuum so that our synthetic observa-
tions account for the process of subtracting it. Further note
that in Figure 1 freeze out of CO onto grains has not been
applied in the CO zone, but it is for our synthetic obser-
vations when the temperature is < 20K and the density is
> 3 × 104 cm−3.
We simulate observations with ALMA using the CASA
software (McMullin et al. 2007). The main line that we tar-
get is the CI 3P1-3P0 line, which at 492.16 GHz is in ALMA
band 8. We also briefly assess the CI 3P2-3P1 line (which at
809.34 GHz would require ALMA band 10) and additionally
produce some synthetic CO observations for comparison.
In our datacubes we use a spectral resolution of
0.172km/s, which is finer than the anticipated sound speed
(> 1 km s−1). We assume a mm column of precipitable water
vapour (pwv) of 0.472 mm (1st octile) for all observations.
This is the automatic choice for the CI 3P1-3P0 and CI
3P2-3P1 lines according to the ALMA sensitivity calcula-
tor2, though the CO observations could be taken for higher
pwv. We assume a distance of 400 pc and direction towards
Orion (e.g. Großschedl et al. 2018). For simplicity we just
consider the case of a 90 degree position angle.
In practice for the CI 3P1-3P0 line, the best trade
off between achieving high spatial resolution whilst recov-
ering large angular scales in reasonable time on source is
achieved by using a combination of ALMA antenna con-
figurations C4-6 (larger baseline for higher resolution) and
2 https://almascience.eso.org/proposing/
sensitivity-calculator
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C4-3 (shorter baseline for larger angular scales). Our default
time on source in each configuration is 120 minutes for C4-6
and 80 minutes for C4-3, which corresponds to a sensitivity
of 1.13mJy and beam with semi minor and major axes of
0.070′′ × 0.088′′ (28 × 35AU). For our CI 3P2-3P1 line ob-
servations we use configuration C4-5 and 40 minutes, giving
a sensitivity of 0.66 mJy and beam size of 0.072′′ × 0.081′′
(29 × 32AU).
For our synthetic CO observations we get comparable
spectral and spatial resolution using the single configura-
tion C4-8 with 80 minutes on source, corresponding to a
sensitivity of 2.35mJy and a beam size of 0.080′′ × 0.091′′
(32 × 36AU).
For simplicity, our CASA processing employs an au-
tomatic clean, so in practice similar quality data could be
obtained for lower time on source with a detailed manual
clean/reduction. However the objective here is not to pre-
dict the minimum specific required observing times (our ob-
serving times employed are not excessive) but to search for
realistic signatures that are resilient to interferometric ef-
fects. In all cases we subtract the continuum by averaging
over line-free channels.
2.1 The origin of emission
It is important to understand from where in the wind the
bulk of the CI emission is being received. The emissivity
integrated over an emission line due to transitions from some
upper state u to lower state l is
j =
1
4pi
nuAulhνul (1)
where nu is the number density of particles in the upper
state, νul the frequency at the line centre and Aul the Ein-
stein A coefficient. In Figure 2 we integrate this over each
model cell and normalize the resulting distribution to pro-
duce a map of from where the emission predominantly orig-
inates in model A. The grey dotted contours denote where
the emission is 0.8 and 0.9 the maximum value. The white
dashed line denotes the sonic surface (where the gas veloc-
ity equals the sound speed, i.e. a Mach number of 1), so
the emission is predominantly from the sonic surface out to
the CII front. The emission is also mostly originating from
the outer parts of the zone where CI is abundant. This is
the region with the largest volume in cylindrical symmetry,
just before the emissivity drops near the CI-CII transition
region. These characteristics are typical for our models in
∼ 1000G0 environments. In the case of model A, the veloc-
ity of the strongest emission region is 2.3− 2.5 km s−1, which
corresponds to a Mach number of ∼ 2.1. We use the fact
that the emission can crudely be thought of to come from a
narrow ring in cylindrical radius to interpret our synthetic
observations.
3 RESULTS & DISCUSSION
The best tracer of an externally driven photoevaporative
wind will be a function of the strength of the UV environ-
ment.
In (rare) high UV environments external photoevap-
oration has such a dramatic effect on the disc that the
cometary shaped wind can be observed in the optical, sil-
houetted against the ionised HII region (e.g. McCaughrean
& O’dell 1996; O’Dell 2001). Hα can also trace winds in
high-intermediate UV regimes (Kim et al. 2016).
In very weak UV fields (where CO survives in the wind)
CO can be used to infer photoevaporation through sub-
Keplerian rotation in the flow (Facchini et al. 2016; Haworth
et al. 2016) as in the case of IM Lup (Haworth et al. 2017;
Pinte et al. 2018a). This arises because specific angular mo-
mentum (h) is conserved in the wind, being set by the value
at the disc outer edge hout, since hout ∝ R−2out, then vφ ∝ R−1
in the wind, rather than the Keplerian, vφ ∝ R−1/2, profile.
However, this sub-Keplerian rotation is a small order effect,
making it difficult to detect. In addition, the majority of
stars will form in intermediate strength UV environments
in the 100–1000 G0 range (Fatuzzo & Adams 2008; Winter
et al. 2020). Hence, we focus our attention here on probing
the kinematic signatures of winds in these common interme-
diate strength UV environments.
3.1 Anatomy of an evaporating discs in CO and
CI
At intermediate UV field strengths, of order 1000 G0,
archetypal CO and CI moment 0, 1 maps and a position-
velocity (PV) diagram at an inclination of 45 degrees are
shown in Figure 3. Note that the PV diagrams are con-
structed from a slice across the semi-major axis of the disc.
For discs, PV diagrams to capture a Keplerian rotation curve
are usually made from a cut across the whole semi-major
axis that is as thin as possible, so that there is reasonable
signal to noise but not too much averaging over the disc.
We hence also use a thin cut across the disc for our PV
diagrams.
These models are generated from model A (Haworth &
Clarke 2019) that was summarised in Figures 1 and 2. The
imposed disc for model A had 10 Mjup of material within
100 AU, irradiated isotropically by a 1000G0 UV field. In
Figure 4 we also show the moment 0, 1 maps and PV di-
agrams for different inclinations in the case of model B
(Haworth & Clarke 2019), which imposes 20 Mjup within
a 200AU disc in a 1000 G0 UV field. The key points to take
from Figures 3 and 4 are
(i) Our synthetic observations in CO lines are quali-
tatively just like purely rotational discs (though a small
deviation from Keplerian rotation in the subsonic wind
could be measured in principle Facchini et al. 2016; Haworth
et al. 2016). That is, the moment 1 map has a red-blue
asymmetry about the rotation axis, characteristic of Keple-
rian rotation profile. Furthermore the emission in PV space
is confined to the upper right and lower left quadrants
at speeds no more than Keplerian. This is because CO is
photodissociated except for in the slow inner part of the
wind.
(ii) Unlike CO, CI traces a faster component of the wind
as indicated in Figure 2. The CI PV diagram is grossly dis-
tinct from that of a Keplerian disc. The PV diagram will
take on a slightly different qualitative morphology depend-
ing on the inclination (Figure 4). However, there are two fea-
MNRAS 000, 1–12 (2020)
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Figure 3. 45 dedgree inclination synthetic observations of model A from Haworth & Clarke (2019), which is a 100 AU disc in a 1000G0
environment. The upper panels are CO J=1-0 and the lower panels CI 3P1-3P0 transitions. The left hand panels are moment 0 maps,
the central moment 1 and the right hand panels are position-velocity diagrams. The curved lines overlaid on the PV diagram represent
the expected boundary for Keplerian rotation.
tures of external photoevaporation that are always present
regardless of inclination, which are
(a) Emission at greater than Keplerian speeds (as a re-
sult of the wind speed).
(b) Emission from quadrants in PV space where there is
none for a Keplerian disc (the upper left and lower right).
This arises because we detect emission from the radial
part of the wind on both the near an far sides of the disc
(see Section 3.2.2).
These features are illustrated on PV diagram in Figure 5.
(iii) As mentioned above, CI PV diagrams for evapo-
rating discs exhibit a range of morphology depending on
inclination, including arcs and loops. A schematic of discs
and their PV diagrams for the extreme cases of face-on and
edge-on is given in Figure 6 to help with qualitative inter-
pretation of how these different features arise. We will also
quantify this with a simple model in section 3.2.2. At near
face-on inclinations there is a remarkable ”)(” morphology.
This arises because the cut for the PV diagram covers the
entire length of the semi-major axis, but only a finite width
along the semi-minor axis of the disc. At the edges of the cut
across the disc we see the vertical component of the wind
±vz from the near and far side of the disc. As we move along
the cut to the inner parts of the disc the wind gets weaker
(see Figures 1/2), with no wind at all being driven from the
inner regions by the external radiation field. If the width
of the cut for the PV diagram were as thick as (or thicker
than) the disc the maximum velocity of the ”)(” would
be present at all offsets as we would always see the peak ±vz .
(iv) The moment 1 map of an externally evaporating disc
can also exhibit winding at intermediate inclinations (see
the 45 and 60 degree inclination models in Figure 4). A
schematic of why this is the case is shown in Figure 7. In
short, at near edge-on inclinations the wind velocity is sym-
metric and so the red and blue shifted components cancel
out when we integrate through the cube to produce the mo-
ment map (this is also the case for face-on discs, where there
is also no Keplerian rotation to observe). However at inter-
mediate inclinations we observe different components of the
wind along the line of sight. Note that twists in moment 1
maps can appear due to other mechanisms such as fast ra-
dial flows (Rosenfeld et al. 2014) or warps (Casassus et al.
2015) through transition disc holes, though these are dis-
tinct because they are at smaller scales in the disc and are
present in CO.
We hence immediately have expected observational signa-
tures in PV diagrams and moment 1 maps that are pre-
dicted from external photoevaporation models that would
not arise for a normal disc and would not manifest in CO
observations. Furthermore, these characteristics of atomic
carbon in the wind are distinct from inner photoevaporative
winds driven by the host star because the gas is in the exter-
nal wind is much cooler. Having these predicted signatures
is important in its own right, since we have previously not
known what to search for in intermediate UV regimes to find
external photoevaporation, however it is also critical to be
able to further interpret and characterise the wind, to which
we now turn our focus.
MNRAS 000, 1–12 (2020)
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Figure 5. A PV diagram of model A from Haworth & Clarke
(2019), that illustrates the deviations from Keplerian behaviour
(which would be bound by the solid white line) that are charac-
teristic of external photoevaporation in intermediate strength UV
environments. That is, velocities in excess of Keplerian rotation
in the upper right, lower left quadrants and non-zero emission in
the upper left, lower right quadrants. Note that the velocities in
excess of Keplerian rotation stem from radial components of the
flow, not super-Keplerian rotation. The synthetic observation is
of a disc with 45 degree inclination.
3.2 Interpreting the CI morphology in PV
diagrams
Usually when interpreting the the kinematics of discs, the
dominant velocity is azimuthal rotation vφ (which can in the
first instance be approximated as Keplerian). Other kine-
matic components are small order effects that usually require
sophisticated azimuthal averaging techniques to be revealed
(e.g. Pinte et al. 2018b; Teague et al. 2019).
In the case of external photoevaporation the situation
is more complex since any point in the wind can also have
comparable (or even dominant) velocity in the radial (vR)
or vertical (vz) directions. We have already shown in Fig-
ures 3 and 4 that this results in twists in moment 1 maps
and loops and arcs in PV diagrams. Here we interpret the
CI morphology in PV diagrams and assess what physical
parameters can be extracted from them.
3.2.1 Optical depth of the line
CO is well known to be optically thick in discs and hence
only traces surface layers. To interpret observations of ex-
ternal disc photoevaporation in CI 3P1-3P0 it is useful to
anticipate the optical depth of the line to understand which
parts of the disc/wind we are tracing emission from. We do
so by moving along cells of the model in the disc mid-plane,
and from these tracing perpendicular rays in the ±z direc-
tions along which we calculate the optical depth. We also do
this for rays along any given observer viewing angle. This ray
tracing is done for each velocity channel in our datacubes.
The near-side wind is always optically thin regardless
of the inclination or velocity. However, the wind from the
far side of the disc can be partially optically thick (due to
dust absorption) and this becomes stronger for more edge-
on discs (where there is a larger column from the disc itself
along the line of sight). For example in model B there is
a peak optical depth of ∼ 2.5 along the maximum column
(offset of zero in our PV diagrams) and this is lower for
increasing offset. Optical depth may locally reduce the flux
from the far-side wind at low offset (see right hand schematic
in Figure 6) but is not anticipated to completely suppress
the far-side wind.
3.2.2 The kinematics of rings of emission
We lay the foundation for interpretation of the complicated
CI PV diagrams of evaporating discs by considering the sim-
plest case of a ring of optically thin material, as motivated
by Figure 2. We systematically vary the R, Z and φ compo-
nents of velocity at each point on the ring to assess how they
manifest in PV diagrams.
In appendix A we derive a parametric form for the fea-
tures that result in PV space in this simple optically thin
ring model which has radius a, wherein for position coordi-
nate
pos = a cos(E) (2)
the corresponding velocities are
vel = vR sin i sin(E) + vφ sin i cos(E) ± vZ cos i (3)
Here vR, vφ, vz are the radial, azimuthal and vertical com-
ponents of velocity, i is the disc’s inclination and E is a
parameter that runs between 0 and 2pi (formally the eccen-
tric anomaly). In section 3.2.3 we examine how this can be
used as a diagnostic of real observations.
Figure 8 summarises the main phenomenological
changes introduced through different kinematic components
of this ring model. Each set of 3 panels in this figure shows
the 3D ring structure on a Cartesian grid (left panel) the PV
diagram (central panel) and the 2D projected (x − y) ring
structure.
The upper left hand set of panels of Figure 8 are for a
purely rotational (vφ) ring inclined by 45 degrees. The PV
diagram is of the familiar form for a Keplerian disc, cutting
from the lower left quadrant through the origin to the upper
right quadrant. As the inclination changes the angle of this
line would change (being shallower for a more face-on disc).
The left-central set of panels then adds an outwards
radial velocity (vR) component to the ring of the same
magnitude as the rotational component. This has the ef-
fect of transforming the PV line into an ellipse with a semi-
major axis the same as the line in the rotation-only case. A
rotational-radial flow immediately deviates strongly from a
rotational-only flow, with emission appearing in the top-left
and lower-right quadrants of the PV diagram, which oth-
erwise exhibit no emission. Conceptually, in the rotational
only case the sign of the velocity is not sensitive to the near
or far side of the ring being observed, only on the half of the
disc being observed. Conversely when the flow has an out-
wards radial component, at all positions the velocity from
the near and far side of the ring have opposite sign, which
is why an ellipse results.
Parts of external photoevaporative winds emanating
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Figure 6. An illustration of the structure of PV diagrams for face-on (left) and edge-on (right) photoevaporating discs. For face-on discs
there is no contribution from the Keplerian rotation, the disc itself only contributes through the thermal/turbulent broadened line at
the rest frequency. The wind is not launched from the inner disc, so the inner part of the PV diagram is associated with low velocity
emission (internal photoevaporative winds are too ionised to be observed in CI 3P1-3P0). For a face-on disc, parts of the wind driven
from disc surface layers contribute to the highest velocity emission, but the main bulk of the wind driven from the disc outer edge is not
observed. The concatenation of the disc and wind featurers of this face-on schematic explain the morphology of the near face-on disc in
the bottom row of Figure 4. In the edge-on case the disc contributes a Keplerian profile. Due to the flaring nature of the wind from the
disc outer edge, the wind contributes a ring structure in PV space. Again, concatenation of the disc and wind morphologies gives the
approximate structure in the PV diagram of the upper right panel of Figure 4.
x
y
i = 80∘
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Keplerian 
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Figure 7. Approximately edge-on discs (upper panels) look Kep-
lerian in CI moment 1 maps because the wind components along
the line of sight are roughly equal and opposite. However once the
disc becomes more inclined we observe different wind components
along the line of sight which distorts the moment 1 map.
from the disc surface can also have a strong vertical com-
ponent (see left hand panel of Figure 1 and Figure 2). In
the lower right set of panels of Figure 8 we introduce a ±z
component of velocity (vz) to the ring of emission (which
still has rotational and radial components of the same mag-
nitude) and demonstrate that this results in two rings offset
by 2vz .
This simple model of a kinematic ring predicts that
emission from rotating rings with a radial component will be
an ellipse, and that if there is a vertical components there
will be multiple (potentially concentric) ellipses. Multiple
rings appear in our synthetic PV diagrams (dependent on
viewing angle) which, according to this simple ring model,
are explained by radial components of the wind, as well see-
ing near and far-side vertical components of the wind.
Our discussion so far has considered the radial, rota-
tional and vertical components of velocity with equal mag-
nitude. Their actual ratios will be somewhat dependent on
the nature of the disc and incident UV field, but by inspec-
tion of model A from Haworth & Clarke (2019) (100 AU disc,
1000 G0 UV field) at ∼ 200AU in the main region of emission
emanating from the very disc outer edge we find the relative
strengths of vφ, vR, vz are approximately 1, 0.3, 0.1 normalised
to the rotational velocity. In the right hand panels of Figure
8 we show rings with these speeds (scaled up to vφ = 3). The
upper, central and lower sets of panels are for inclinations
of pi/3, pi/4 and pi/8 respectively. Although detailed features,
which arise from optical depth effects, are clearly missing
from these simple ring models that appear in our synthetic
observations, they demonstrate that concentric ellipses are
a natural product of a rotating ring of material that also
has a radial velocity component (making the ellipse) and
vertical component (offsetting a second ellipse). Additional
complexities arise due to variations in the radial and vertical
structure of the flow, and the optical depth (section 3.2.1).
3.2.3 Constraining the physical parameters of real
evaporating discs
So far we have discussed qualitative signatures of moment
1 maps and PV diagrams that are indicative of an exter-
nal photoevaporative wind. We now turn our attention to
inferring quantitative parameters of the wind itself.
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i = 45∘ : vR = 0,vϕ = 1,vz = 0
i = 45∘ : vR = 1,vϕ = 1,vz = 0
i = 67.5∘ : vR = 1,vϕ = 3,vz = 0.3
i = 45∘ : vR = 1,vϕ = 3,vz = 0.3
i = 18∘ : vR = 1,vϕ = 3,vz = 0.3
i = 45∘ : vR = 1,vϕ = 1,vz = 1
Figure 8. A selection of our simple ring models. In each set of 3 panels we show the 3D ring structure (left), PV diagram (middle)
and projected structure (right). The left hand column is all viewed at 45 degrees inclination. The upper left collection of panels have
purely rotational velocity. The left-middle panels have rotation plus an equal magnitude outward radial component, which transforms
the line of the first panel into an ellipse. The lower left panels are equal parts rotational, radial and vertical (in both ±z), which results
in two ellipses offset by ±vz . The right hand sets of panels all have dimensionless rotational, radial and vertical velocities of 3, 1 and 0.3
respectively, differing in their inclinations from pi/3, pi/4 to pi/8 from top to bottom respectively.
The most accessible way to infer quantitative informa-
tion is through the PV diagrams. It is possible to use the
ellipse scheme of section 3.2.2 to interpret real observations
of evaporating discs, in particular if the inclination is known
from, e.g. CO or continuum observations. One can then de-
termine for what velocities the best match to the PV features
are obtained.
However, in practice it is difficult to determine how
many ellipse components need to be fit to a real PV dia-
gram. For example, consider fitting the middle-right panel
of Figure 4 (model B, inclined 45 degrees). In model B we
know that there is a dominant kinematic component from
the disc-edge and an angled component of the wind from the
disc surface (it is very similar to the map of volume-weighted
emission for model A in Figure 2). In Figure 9 we overplot
ellipses of emission with appropriate velocities and sizes of
these two zones (vR, vφ, vz = [1.65, 2.25, 0.03] and [1.65, 2.25,
1.55] km s−1 for the mid-plane and surface wind respectively)
onto the 45 degree PV-diagram. The ellipses do a good job
of corresponding to the main features, but the form is not
what one would necessarily choose to fit without knowledge
of the underlying flow. The flow is complicated and could be
optically thick in places, so the ellipses do not correspond
to loops of uniform intensity. This is alleviated to some de-
gree by the fact that our models usually have a similar flow
structure, but for any real system this may not be the case,
particularly if the UV field deviates significantly from being
isotropic. We therefore retain the ellipse scheme only as a
means of interpreting the broad kinematic morphology here.
It is worth noting that at zero offset there is zero az-
imuthal contribution, with the velocity being set purely by
the radial and vertical components of velocity. If there are
two ellipses separated by 2vz we can then extract the radial
and vertical components of the wind.
Overall then, although the rings of emission are ex-
tremely useful for providing a basis for understanding the
general features we observe and can in principle be used
to infer the flow kinematics, using them in practice to in-
fer vR, vθ, vφ needs careful consideration and appreciation of
the uncertainty/possible degeneracy if applied in practice.
We reiterate that optical depth becomes more important for
near edge-on discs and even then at small offset, so should
not be a limiting factor for using this emission ring scheme
in practice (section 3.2.1).
Since CI survives from approximately the sonic surface
out to speeds of about Mach 2, PV diagrams can also be
used to place weak constraints on the thermal properties of
the CI region of externally photoevaporating discs. We spec-
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Figure 9. Our simple optically thin ring of emission model over-
plotted on the model B PV diagram at 45 degree inclination. Here
the ring properties were informed by the underlying model, with
one set representing the flow from the very outer edge of the disc
(which has negligible ±vz , solid line) and the other representing
the flow from the disc surface (dashed lines corresponding to ±vz ).
In principle rings could be fitted to a real PV diagram. The pa-
rameters used for the ring model are vR, vφ, vz = [1.65, 2.25, 0.03]
and [1.65, 2.25, 1.55] km s−1 for the mid-plane and surface wind
respectively.
ify weak since the temperature would scale with the square
of the sound speed. For example for model B a velocity of
2.5 km s−1 would place an upper limit on the temperature of
∼ 1500K, whereas in the model the temperature of the CI
zone is ∼300 K.
3.3 CI 3P2-3P1 Band 10 observations
Our main focus has been the band 8 CI 3P1-3P0 line, how-
ever the 3P2-3P1 line at 809 GHz could also be observed
in ALMA band 10. Complex atmospheric absorption means
that band 10 requires extremely good observing conditions.
Nevertheless, we now briefly assess the insights and oppor-
tunities that band 10 observations would provide.
Comparing the emission as we did in Figure 2, the CI
3P2-3P1 is about 4-5 times brighter than the 3P1-3P0 line.
This is reflected in the synthetic observations, for example
we give an example of a 3P2-3P1 line profile for model B at
an inclination of 45 degrees in Figure 10. The CI 3P1-3P0
equivalent is given in the centre-right panel of Figure 4. The
morphology is qualitatively similar between the two lines,
but the 3P2-3P1 is a factor 3-4 brighter. The same applies
in the case of the moment 0 map. So our expectation is that
the 3P2-3P1 line will not qualitatively differ from the 3P1-
3P0 line, but would be easier to detect if awarded time.
3.4 Other tracers
We have prioritised CI since ALMA already has the capabil-
ity to make resolved observations of this towards candidate
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Figure 10. A CI 3P2-3P1 line PV diagram of model B at 45
degree inclination. Comparing with the 3P1-3P0 line image in
the central-right panel of Figure 4, the qualitative morphology is
similar but the 3P2-3P1 line is a factor 3-4 brighter.
evaporating discs in, for example, Orion. Other tracers, par-
ticularly CII according to our models, are also expected to
provide key insight into externally driven photoevaporative
disc winds. However CII is more challenging to observe, with
the sensitvity of SOFIA (Young et al. 2012) limiting possible
targets to nearby low-mass star forming regions with weak
UV environments. We will make an assessment of observ-
ables (including CII) in weak UV environments in future
work.
4 SUMMARY AND CONCLUSIONS
We have provided long needed theoretical predictions of
the observational signatures of externally photoevaporating
protoplanetary discs in intermediate UV environments
(∼ 1000G0) using CI as a tracer. We have achieved this
by producing synthetic observations from photochemical-
dynamical models of external disc photoevaporation. CO is
a poor tracer of external photoevaporation in intermediate
UV environments, since it is dissociated close to the base
of the flow and so is only detected where the wind is
slow. It is therefore difficult to kinematically detect the
wind, though in principle this could be with sufficiently
high spectral resolution to detect the small sub-Keplerian
rotation (Facchini et al. 2016; Haworth et al. 2016; Pinte
et al. 2018a; Haworth & Clarke 2019). The main summary
of observing external photoevaporation with CI is as follows
1) Unlike CO, the CI 3P1-3P0 line is predominantly
optically thin and traces from the sonic surface out to
the CII front. The wind is kinematically much easier to
detect than CO in CI moment 1 maps, but particularly
within CI PV diagrams. Moment 1 maps exhibit large
scale twists, which is important as it distinguishes external
photoevaporation from other processes that induce twists
at smaller radii in the disc. PV diagrams exhibit a range of
MNRAS 000, 1–12 (2020)
Observing external disc photoevaporation 11
concentric loops and arcs depending on the inclination, but
generally are characterised by velocities higher than that
which would result from Keplerian rotation and emission in
the two quadrants of PV space where none is found for a
purely rotational disc.
2) We develop a simple model of optically thin rings
of emission that could be used to infer the parameters
of external photoevaporative winds in real systems. This
model naturally explains the origin of concentric ellipses in
evaporating disc PV diagrams in terms of the radial and
vertical components of the flow.
3) The CI 3P2-3P1 line is a factor few brighter than
the 3P1-3P0 line, but otherwise shows qualitatively similar
morphology. At 809 GHz the 3P2-3P1 line requires ALMA
band 10 observations to detect, which are extremely sensi-
tive to the atmospheric conditions.
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APPENDIX A: DERIVING THE PARAMETRIC
ELLIPSE EQUATION
We define a circular ring of radius a in a Cartesian co-
ordiante system such that the ring occupies the x − y plane,
perpendicular to the z axis, with velocity at each point on
the ring (vR, vφ,±vz ). Now defining a sky co-ordinate system
(X,Y, Z), with Zˆ the unit vector along the line of sight, so
images appear in the (X,Y ) plane.
For simplicity, we ignore the position angle of the disc
here and only include the effect of inclination. Therefore,
the rotation matrix that rotates the disc co-ordinates (x, y, z)
into the sky co-ordinates (X,Y, Z) is:
©­«
1 0 0
0 cos i − sin i
0 sin i cos i
ª®¬ (A1)
where i is the disc’s inclination (i = 0, being face on).
Now, defining the disc in the disc co-ordinate system to
have the following position:
©­«
a cos E
a sin E
0
ª®¬ (A2)
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where E is the angle between the radial position and the x
axis and ranges between 0 and 2pi. Then the position of the
disc in the sky co-ordinates (X,Y, Z) are:
X = a cos(E) (A3)
Y = a cos i sin(E) (A4)
Z = −a sin i sin(E) (A5)
Projecting into the X−Y image plane we find the disc’s image
appears as:
X = a cos(E), Y = a cos i sin(E) (A6)
This is the equation for an ellipse with the major axis aligned
along Xˆ of size a and minor axis along Yˆ of size a cos i.
Therefore, we can created PV diagrams by integrating
along the Y (minor) axis. Obviously, one is free to rotate the
image into the correct North-East co-ordinate system.
Now to calculate the PV diagram we need to calculate
the velocity into the line-of-sight of the observers, i.e. the ve-
locity along the Zˆ axis. For a disc rotating counter-clockwise
in the x − y plane the cartesian velocity components of the
ring are:
vx = vR cos E − vφ sin E (A7)
vy = vR sin E + vφ cos E (A8)
vz = ±vz (A9)
Therefore, the line-of-sight velocity is given by (using the
same rotation matrix as above):
vlos = vR sin i sin(E) + vφ sin i cos(E) ± vZ cos i (A10)
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